Coupling different physical properties is a fascinating subject of physics. Already well-known are the multiferroics which show properties of ferroelectrics and magnets.
I. INTRODUCTION
Under strong light irradiation, a homogeneous non-centrosymmetric material can rectify light into a dc current, called the bulk photovoltaic effect (BPVE) [1] [2] [3] [4] [5] [6] [7] . The induced open-circuit voltages can be much larger than the band gap. Thus, the BPVE displayed a promising potential in the solar energy conversion in ferroelectric perovskites [8] [9] [10] and triggered the interest for the application of solar cells [11] beyond the p-n junction design and more recently also the application of photodetectors [12] . A well known mechanism that describes the BPVE is the shift current [2, 4, 13] that commonly refers to a charge polarization in the optical excitation by a topological quantity, the Berry phase [14] . Therefore, ferroelectrics that exhibit intrinsic charge polarization are a promising direction in the search of BPVE materials. Furthermore, non-centrosyemmtric Weyl semimetals [15, 16] have recently been investigated for the BPVE [17] [18] [19] [20] [21] [22] [23] , due to their their band structure topology.
The essential requirement of the BPVE is inversion symmetry (P) breaking. Thus, the present guiding principle to design BPVE materials is to break the crystal centrosymmetry and induce a strong polarization [24] [25] [26] [27] . The polarization, however, is not the necessary condition for inversion symmetry breaking. In this work, we show a large photogalvanic effect by a magnetic ordering which breaks P but preserves the parity-time symmetry (PT , where T represents the time-reversal symmetry); therefore, no polarization exists. This phenomenon, called magnetic photogalvanic effect (MPGE), cannot be described by the shift current that applies to nonmagnetic systems.
The light excitation is known to generate an electron and hole pair in the solid. The velocity difference between the excited electron and hole may lead to a dc current. However, such a current usually vanishes because the velocity reverses its direction from k to −k in the momentum space. Such a symmetry in the band structure (see Fig. 1 ) is induced by either P or T . So we can realize this photocurrent by breaking both P and T in the band structure, which is the core of the MPGE proposed.
We demonstrate the MPGE in a newly discovered two-dimensional ferromagnetic insulator, CrI 3 [28, 29] . In the antiferromagnetic (AFM) phase of a CrI 3 bilayer [28, 30] , both P and T are broken while the combined symmetry PT is preserved. We find that a giant dc photocurrent emerges in the visible light window, due to the momentum-inversion symmetry breaking (k to −k) in the band structure. Because the PT symmetry forces the charge polarization to vanish, such a photocurrent is distinct from the shift current.
The photoconductivity is sourced from the resonant optical transition and the spin-orbit coupling (SOC). The magnetic phase transition, which is controllable as demonstrated in recent experiments [30] [31] [32] [33] [34] , can be utilized to control the direction and amplitude of the induced current. When reversing all spins in the AFM phase, we can switch the current direction. When switching from the AFM phase to the ferromagnetic (FM) phase, we can completely turn off the current by recovering the spatial inversion. Therefore, we realize three states with different light-matter responses -positive, zero and negative currents (as illustrated in Fig. 1e) . Thus, the MPGE provides new routines to control the light-matter interaction by magnetism and to design novel optical storage/switch devices. Our findings can be generalized to multilayers, the bulk system and other magnetic materials(such as Cr 2 Ge 2 Te 6 [35] and VSe 2 [36] ).
II. RESULTS
The recent discovery of 2D van der Waals magnetic insulators, such as CrI 3 , brings fascinating opportunities to design 2D magnetic devices. Bulk CrI 3 is an FM insulator [29] .
The FM coupling is preserved down to the monolayer limit [28] . In the bilayer and few-layer thickness, the interlayer coupling can be switched between AFM and FM by either an external magnetic field [32] or electric gating [31, 33] , giving rise to a giant magnetoresistance effect [30, 34] . The atomic crystal of CrI 3 exhibits inversion symmetry with two inversion centers, one inside the monolayer and the other in between neighboring monolayers.
The AFM order reduces the crystal symmetry by removing the interlayer inversion center.
Therefore, an AFM bilayer breaks the inversion symmetry, although an FM bilayer does not. Another important feature is that the AFM ordered phase preserves PT symmetry while it breaks P and T independently; hence, no polarization exists in the ordered phase.
Therefore, the bilayer CrI 3 (see Fig. 1 ) is an ideal system to examine the photocurrent response, where the inversion symmetry is solely broken by the AFM order instead of the crystal structure. In the following, the PT symmetry is found to be crucial to determine the mechanism of the photocurrent response.
We show the band structures of the bilayer calculated by the density-functional theory (DFT) including the spin-orbit coupling (SOC) in Fig. 1 . All bands are doubly degenerate which is protected by the PT symmetry in the AFM phase. In contrast, such degeneracy is lifted in the FM phase ( Supplementary Fig. S1 ). For the AFM phase, an important feature is the breaking of the k to −k symmetry. In a simple consequence, excited electrons (holes) at k and −k by the optical excitation ( ω) exhibit uncompensated velocities and lead to a nonzero dc current. In addition, the energy gap is slightly lower than the experimental value, which can be attributed to the known gap underestimation of DFT.
In general, the photocurrent is a nonlinear effect. In this work, we provide a proper formalism (Eq. 1b) to describe T -breaking photocurrent by the second-order response theory (see Sec.III). We first evaluate the photocurrent response of the bilayer CrI 3 using the general formalism based on Bloch wave functions of the realistic material. Then we prove that this formalism can be reduced to a simple form of the resonant optical transition (Eq. 5) in the presence of the PT symmetry.
Under the irridation of the linearly polarized light, the FM bilayer exhibits vanishing photocurrent due to inversion symmetry. However, the AFM phase displays a large photocurrent conductivity (more than 200 µAV −2 ) in the visible-light range (see Fig. 2 ). This value is higher than that of any known BPVE materials reported so far [6, 24, 26, [37] [38] [39] [40] .
We note that the photocurrent reverses its direction when reversing all spins in the AFM phase. Therefore, the FM, AFM and reversed AFM represent three photocurrent states, 0
(no current), 1 (positive current) and -1 (negative current), respectively, as illustrated in Fig. 1 . In addition, for circularly polarized light, we do not observe any photocurrent for both AFM and FM bilayers.
III. DISCUSSION
The BPVE response can be calculated by the second-order Kubo formula [2, 21] . It accounts for the steady-state short-circuit photocurrent with the relaxation time approximation. The conductivity σ c ab (a, b, c = x, y, z) represents the photocurrent J c generated by
where v a nl = n, k|v a |l, k ,v a is the velocity operator, τ is the relaxation time, d is the system dimension,
E n ≡ E n (k) and |n, k are energy and wave functions, respectively, at k for the nth band.
The photocurrent conductivity matrix σ c ab is shaped by the symmetry of the AFM bilayer. The three-fold rotational symmetry and PT lead to only six nonzero tensor elements, σ 
The photocurrent is sensitive to the polarization direction θ, as we show in Figs. 2c-2d . Such an anisotropy is usually measured to deduce the conductivity tensor elements in experiment.
In contrast, for the circularly polarized light, the photocurrent is forced to vanish by symmetries of the AFM bilayer. For example,
y E x = 0 for a circular polarized light with E y = iE x . Such a dramatic distinction between light polarization provides a simple, useful hallmark to verify our results.
We will focus our discussion mainly on the linearly polarized light in the following.
The general formalism (Eq. 1b) can be simplified when special symmetries appear. The respectively, in Eq. 1b. For a T -symmetric insulator, Eq. 1b can be simplified to the shift current and injection current formalisms [2, 4, 41] for the linearly and circularly polarized lights, respectively. Here, the velocity matrix is commonly transformed to the length gauge [41] , because valence and conduction wave functions are smooth in the momentum space. For a gapless system with crossing bands (e.g. a Weyl semimetal) [2, 21] , however, the general formula Eq. 1b should be employed.
For the bilayer AFM CrI 3 that respects PT but breaks P and T independently, the response function exhibits a unique symmetry. Because PT requires N lmn (k) = N * l m n (k), the numerator (N lmn (k) + N * l m n (k)) in Eq. 1b is always real, where l , m , n are PT partners (degenerate in energy) of l, m, n , respectively. Opposite to the T -symmetric case, the linearly and circularly polarized lights are related to the real and imaginary parts of the energy denominator, respectively. In the PT -symmetric system, the Abelian Berry phase vanishes while the non-Abelian Berry phase still appears. Because both Abelian and non-Abelian parts are related to the imaginary part of N lmn , they will not contribute a photocurrent under the PT symmetry.
To establish the intuitive correlation between the band structure and the BPVE, we decompose Eq. 1b into two-band and three-band process [2, 21] . The former corresponds to a direct resonant transition from |l to |n , where n = m. By considering (E n −E m −i /τ ) −1 = −iτ / in Eq. 1b, the response function can be derived, 
We further transform Eq. 3 to the length gauge, 
It represents an excitation from l to n with dipole transition rate |r The three-band contribution refers to n = m. We can exclude a trivial case that |n and |m are degenerate in energy for example protected by PT , because v a nm = 0 if so. When E n = E m , the real part of the denominator in Eq. 1b is τ -independent. Thus the threeband process generates a photocurrent that is robust against scattering, different from the two-band transition. The three-band process evaluate (E nm − i /τ ) −1 in the denominator.
Thus, the ratio between the three-band and two-band contributions are ( /τ )/E nm that is usually in the order of meV/eV. Then the three-band contribution is much smaller than the two-band one. In calculations, we indeed find that the photoconductivity is predominantly produced by the two-band transition, where the three-band contribution is less than 0.5% of the two-band contribution (See the supplementary Fig. S2 ).
It is useful to find a simple indicator for the nonlinear photoconductivity. Because the photocurrent is proportional to the resonant transition rate, the imaginary dielectric function or the optical conductivity may provide such an indicator. In other words, the optical conductivity is the sum of all allowed transitions equally while the photoconductivity is to sum them with the velocity weight (see Eq. 5). As shown in Fig. 2c , the optical conductivity σ xx is strongly correlated to σ x xx . In addition, the photoconductivity indeed scales linearly to the relaxation time τ in our calculations (Supplementary Fig. S3 ). Figure 3 shows the σ x xx distribution in the momentum space for the AFM bilayer at ω = 1.2 eV. It is clear that the photoconductivity is contributed by resonant transition channels between the valence and conduction bands. Because of the breaking of both P and T , these channels are not symmetric between k and −k anymore. We point out that SOC play a significant role here despite that it is less obvious from Eq. 5. The strength of SOC represents the amount of the k to −k symmetry-breaking in the band structure. When SOC is absent, the AFM band structure is still symmetric (see the supplementary Fig. S1 ). This is because of the spin rotation symmetry SU (2) . Therefore, the net photocurrent vanishes, as shown in Fig. 3a . Finite SOC locks the the spin orientation with respect to the lattice and breaks the momentum-inversion symmetry (see Fig. 3b ), resulting in a nonzero photocurrent. The SOC modifies the band structure by opening a gap at the band crossing points. So peaks of σ x xx usually correspond to the transitions involving these anti-crossing gap regions.
In reality, the substrate or the gate may modify the bilayer electronic structure by breaking the crystal inversion between two layers. It is practical to investigate how robust the PT -symmetry-induced photocurrent behaves in the presence of such perturbation. We apply an out-of-plane electric field E to represent the perturbation. E induces a potential drop between two layers and breaks the PT symmetry of the bilayer. We calculate the photoconductivity using Eq. 1b, where both the real and imaginary parts of N lmn (k) contribute. The photoconductivity remains relatively robust even for a large E = 0.005 V/a.u.
( 1 a.u. = 0.53Å) for the AFM bilayer (see the supplementary Fig. S4 ). On the other hand, the FM phase starts to exhibit nonzero photocurrent when E breaks its inversion symmetry.
At E = 0.005 V/a.u., the photoconductivity is non-negligible.
In addition, the MPGE can be easily generalized to multi-layers and other magnetic materials. Some magnetic orders of a trilayer CrI 3 , for example, ↑↑↓ or ↑↓↓, can break the inversion symmetry and generate the MPGE . Different from a bilayer, PT is broken here. Then the real and imaginary parts of N lmn (k) contribute to the photoconductivity in Eq. 1b. Magnetic orders such as ↑↑↑ and ↑↓↑ preserve the inversion symmetry and produce no photocurrent. Further, hetero-structures of layer materials and twisted layers provide vast possibilities. Beyond 2D materials, the MPGE may also exist in 3D systems, specially AFM materials with the PT symmetry and strong SOC, such as Cr 2 O 3 [42] , Mn 2 Au [43] , CuMnAs [44, 45] .
IV. SUMMARY
To summarize, we discover a simple magnetic photogalvanic effect to generate the photocurrent by breaking the momentum-inversion symmetry in the band structure. This mechanism induces a large photoconductivity in the AFM phase of the bilayer CrI 3 despite no electric polarization. The photocurrent appears for the linearly polarized light but vanishes for the circularly polarized one in current system. It exhibits an injection-current-like feature and is proportional to the relaxation time, the resonant transition rate and SOC. Tuning the magnetic structure is a sensitive handle to manipulate the photocurrent. Although the bilayer CrI 3 exhibits a record photoconductivity, it seems possible to design even better nonlinear magnetic materials, for example by considering stronger SOC and longer relaxation time. There are plenty of AFM and FM materials, such as magnetoelectric multiferroic compounds [46, 47] , waiting for exploration.
V. METHODS
We obtain the DFT band structure and Bloch wave functions from the Full-Potential Local-Orbital program (FPLO) [48] within the generalized gradient approximation [49] .
By projecting the Bloch wave functions onto atomic-like (Cr-d and I-sp) Wannier functions, we obtain a tight-binding Hamiltonian with sixty-eight bands that well reproduce the DFT band structure. We employ this material specific tight-binding Hamiltonian for accurate evaluation of the photocurrent. We use /τ = 1 meV in our calculations. For the integrals of Eq. 1b, the 2D Brillouin zone was sampled by a grid of 400 × 400. Increasing the grid size to 960 × 960 varied the conductivity by less than 5%. 
